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HIGHLIGHTS
 Actinobacteria biomass was produced in vinasse-based culture media.
 Recovered supernatants were used until three times for additional biomass 
production.
 Over 70% of the BOD in vinasse was removed by actinobacteria mixed cultures.
 High biomass performance for removal of lindane and chromium from soil was 
detected.
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22 ABSTRACT
23
24 The use of living actinobacteria biomass to clean up contaminated soils is an attractive 
25 biotechnology approach. However, biomass generation from cheap feedstock is the first 
26 step to ensure process sustainability. The present work reports the ability of four 
27 actinobacteria, Streptomyces sp. M7, MC1, A5, and Amycolatopsis tucumanensis, to 
28 generate biomass from sugarcane vinasse. Optimal vinasse concentration to obtain the 
29 required biomass (more than 0.4 g L−1) was 20% for all strains, either grown individually or 
30 as mixed cultures. However, the biomass fraction recovered from first vinasse was 
31 discarded as it retained trace metals present in the effluent. Fractions recovered from three 
32 consecutive cycles of vinasse re-use obtained by mixing equal amounts of biomass from 
33 single cultures or produced as a mixed culture were evaluated to clean up contaminated soil 
34 with lindane and chromium. In all cases, the decrease in pesticide was about 50% after 14 d 
35 of incubation. However, chromium removal was statistically different depending on the 
36 preparation methodology of the inoculum. While the combined actinobacteria biomass 
37 recovered from their respective single cultures removed about 85% of the chromium, the 
38 mixed culture biomass removed more than 95%. At the end of the reused vinasse cycle, the 
39 mixed culture removed more than 70% of the biological oxygen demand suggesting a 
40 proportional reduction in the effluent toxicity. These results represent the first integral 
41 approach to address a problematic of multiple contaminations, concerning pesticides, heavy 
42 metals and a regionally important effluent like vinasse.
43
44 Keywords: Actinobacteria; Biomass; Vinasse; Lindane; Chromium
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46 1. Introduction
47
48 The Northwest of Argentina, more precisely the Tucuman province, has an important 
49 concentration of sugar industries combined with autonomous ethyl alcohol distilleries. One 
50 of the main problems of the sugar-alcohol industries is the generation of large volumes of 
51 vinasse, a final residue in liquid state obtained after alcoholic distillation. Vinasse has a pH 
52 that usually ranges from 3.5 to 5.0, and a production volume of 9–14 L per liter of alcohol 
53 obtained (España-Gamboa et al., 2012). The raw effluent consists of a complex mixture of 
54 water and organic and inorganic compounds, and its release into the environment causes an 
55 undesirable impact, mainly as a consequence of the high content of organic matter. The 
56 chemical oxygen demand (COD) is usually estimated between 50 and 150 g L−1, while the 
57 biological oxygen demand (BOD) is about 30–70% of the COD (Pant and Adholeya, 2007). 
58 Application of vinasse in landfill produces unpleasant odor emissions as a result of the 
59 putrefaction of organic matter (Belhadj et al., 2013). The high content of total solids and 
60 trace metals is another typical characteristic of this raw effluent (España-Gamboa et al., 
61 2012; Soler da Silva et al., 2013). Consequently, vinasse represents a polluting potential for 
62 soil and water bodies when inadequately managed and discharged into rivers and lakes 
63 without previous treatments.
64 A variety of technologies, many of them based on revaluation of vinasse as a 
65 byproduct with potential applications, are being evaluated in order to mitigate the 
66 environmental impact of vinasse. Use of vinasse as feedstock to obtain microbial products 
67 of biotechnological interest is a promising practice which would reduce production costs 
68 and simultaneously decrease the effluent volume. Colin et al. (2016) recently reported the 
69 first advances in bioemulsifier production by the actinobacterium Streptomyces sp. MC1 in 
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70 a vinasse-based culture medium. Other microbial products such as biopolymers, biofuel and 
71 enzymes have also been successfully produced from raw vinasse (Bhattacharyya et al., 
72 2012; Lazaro et al., 2014; Tapia-Tussell et al., 2015). Under certain circumstances, 
73 microbial biomass itself could be the desirable product of the fermentation (Durão et al., 
74 2013). In fact, the use of biomass to clean up contaminated soils is an effective 
75 biotechnological approach because of the critical role the microorganisms play in 
76 biodegradation of organic pollutants and removal/stabilization of heavy metals (Mrozik and 
77 Pjotrowska-Seget, 2010; Polti et al., 2014).
78 Among environmental microorganisms, actinobacteria have been widely reported as 
79 potential bioremediation agents (Alvarez et al., 2017). They may be well suited for 
80 inoculation in soil as a consequence of their mycelial growth, their relatively rapid growth 
81 rates and ability to colonize substrates (Ravel et al., 1998). In fact, Polti et al. (2014) 
82 previously demonstrated the potential of an actinobacteria mixed culture whose biomass 
83 was produced in a commercial synthetic medium, to clean up contaminated soils with 
84 hexavalent chromium and lindane. From this study, it was inferred that the amount of 
85 biomass necessary for in situ treatment of soils at field scale would be equal to 40 kg ha−1. 
86 Taking into account the importance of the cost/benefit ratio to ensure sustainability of any 
87 biotechnological process, the first issue that should be considered is the production of 
88 microbial biomass from cheap feedstock. Based on this background, the aim of the present 
89 work was to produce actinobacteria biomass using raw vinasse as low-cost feedstock. 
90 Subsequently, the performance of the produced biomass to clean up soil contaminated with 
91 lindane and chromium was assayed.
92
93 2. Materials and methods
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94
95 2.1. Microorganisms and maintenance
96
97 Based on their ability to remove lindane and chromium from soil samples, four native 
98 actinobacteria were selected for this study: Streptomyces sp. M7, isolated by Benimeli et al. 
99 (2003), Amycolatopsis tucumanensis DSM 45259T (strain AB0), isolated by Albarracín et 
100 al. (2005), Streptomyces sp. MC1, isolated by Polti et al. (2007), and Streptomyces sp. A5, 
101 isolated by Fuentes et al. (2010). The strains were maintained on Starch-Casein agar plates 
102 (SC agar) containing (g L−1): starch, 10.0; casein, 1.0; K2HPO4, 0.5; agar, 12.0. The pH was 
103 adjusted to 7.0 prior to sterilization.
104
105 2.2. Biomass production
106
107 2.2.1. Sampling and physicochemical characterization of vinasse
108
109 Vinasse was obtained from a distillery in the province of Tucumán, Argentina, which 
110 uses molasses as raw material for ethyl alcohol production. Samples were taken from a 
111 container that received hot vinasse (70 °C), and then bottled, cooled and subsequently 
112 stored at 4 °C. Physicochemical characterization of the vinasse was performed according to 
113 the Standard Methods for the Examination of Water and Wastewater (A.P.H.A. et al., 
114 2012): the pH was measured electrometrically, the conductivity through the electrical 
115 conductivity method, determination of total solids by drying at 105 °C, total fixed solids by 
116 incineration at 550 ºC, total volatile solids by the difference between total solids and total 
117 fixed solids, and the BOD using the 5-d BOD test. Presence of trace elements such as Cr, 
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118 Mn, Cu, Zn, As, Cd, Hg and Pb was determined using inductively coupled plasma mass 
119 spectrometry (ICP-MS). Effluent color was determined by spectrophotometric 
120 measurement at 455 nm (de Souza et al., 2013).
121
122 2.2.2. Formulation of vinasse-based biomass production medium
123
124 Spores of the four strains harvested from SC agar were inoculated in flasks 
125 containing different vinasse concentrations in distilled water (1% to 50%, v/v) at a final 
126 spore concentration of 1 × 109 CFU mL−1, either individually (single cultures) or all 
127 together (mixed culture) mixing equal amounts of spore of each strain to obtain the final 
128 concentration. Media were labeled from V1 to V50 according to the vinasse concentration; 
129 pH was adjusted to 7.0 using 1N NaOH prior sterilization. Biomass production in 
130 commercial Tryptic Soy Broth (TSB) medium was used as a reference. All cultures were 
131 incubated at 30 °C on an orbital shaker (200 rpm) for 72 h. After incubation, the microbial 
132 biomass was harvested by centrifugation at 8,385 g for 15 min at 4 °C. Cells were washed 
133 twice with sterile distilled water and dry weight was determined at 105 °C until constant 
134 weight. In each case, the highest vinasse concentration that allowed a biomass of 0.4 g L−1 
135 or more was selected (Polti et al., 2014). After separation of the biomass produced, the 
136 recovered supernatants were re-inoculated several times (re-inoculation cycles), 
137 individually and all strains together, in order to assess their potential (re)-use as production 
138 medium.
139
140 2.2.3. Determination of trace metals
141
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142 In order to determine the concentrations of trace elements retained by the microbial 
143 biomass obtained from vinasse, a microwave digestion using a mixture of acids (65% 
144 HNO3 and 40% HF) was carried out according to the method described by Liu et al. (2013). 
145 Concentrations of trace elements such as Cr, Mg, Cu, Zn, As, Cd, Hg, and Pb were 
146 quantified using ICP-MS.
147
148 2.3. Bioremediation assays
149
150 2.3.1. Preparation and inoculation of soil
151 Soil samples were taken at a depth of 5–15 cm from a non-polluted site near the city 
152 of Tucumán, Argentina, and subsequently stored in the dark at 10–15 °C until use. The 
153 main physicochemical characteristics of the soil are shown in Table 1. Glass pots were 
154 filled with 200 g of soil and water holding capacity was maintained at 30% using distilled 
155 water. The soil samples were artificially contaminated with 40 µg kg−1 of lindane and 80 
156 mg kg−1 of Cr(VI). Samples were inoculated with actinobacteria biomass at a final 
157 concentration of 2 g kg−1 of soil, using two different inoculation strategies: a) mixing an 
158 equal amount of biomass of the four actinobacteria harvested from single cultures, and b) 
159 direct inoculation of the biomass harvested from the actinobacteria mixed culture. Soil, 
160 inoculum, lindane and chromium were mixed thoroughly to ensure uniform distribution. 
161 Flasks were then incubated at 30 °C for a total time of 14 d. Soil water holding capacity 
162 was regularly monitored twice a week. Soil samples contaminated with both toxic 
163 substances but without inoculum were used as controls. At the end of the assay period, 
164 samples were examined for residual lindane and bioavailable chromium content.
165
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166 2.3.2. Determination of residual lindane
167 Extraction of lindane residues from soil was performed as follows: 1) Aliquots of 10 
168 g of dry homogenized soil were transferred to centrifuge tubes and mixed with 8, 2, and 10 
169 mL of water, methanol, and hexane, respectively, 2) tubes were hermetically sealed, shaken 
170 vigorously for 15 min on a vortex to allow extraction of lindane from the soil to the organic 
171 phase and subsequently centrifuged (8,000 g, 20 min, 4 °C) to separate the organic and 
172 aqueous phases, and 3) organic phases were evaporated to dryness under reduced pressure 
173 and afterwards residues were re-suspended in hexane. Then, extracts were quantified on a 
174 Gas Chromatograph (Agilent 7890A) equipped with a HP5 capillary column (30 m × 0.53 
175 mm × 0.35 μm) and 63Ni µECD detector, a split/splitless Agilent 7693B injector and 
176 Agilent Chem-Station software. Quantitative sample analysis was performed using 
177 appropriate calibration standards (AccuStandard) (Fuentes et al., 2010). The results of the 
178 soil assay were expressed as the percentage of lindane removal.
179
180 2.3.3. Determination of bioavailable chromium
181  Environmental bioavailable chromium (Cr(EB)) was measured in the soil using a 
182 physical method: 100 g of soil were centrifuged at 5,050 g for 60 min (soil water potential: 
183 1,500 kPa, wilting point) (Csillag et al., 1999). This fraction corresponds to the dissolved 
184 metal specie in the water which can be taken up by plant roots or other soil organisms (Kim 
185 et al., 2015). After centrifugation, supernatants were filtered (0.45 mm pore size) and 
186 analyzed by atomic absorption spectrometry using a Perkin Elmer Analyst 400 (AAS) to 
187 determine total Cr(EB) content (A.P.H.A. et al., 2012). The results of the soil assay were 
188 expressed as the percentage of chromium removal with Cr(EB) fraction representing 100%.
189
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190 2.4. Statistical analysis
191
192 Statistical analysis was performed using Infostat (version 2004) and Minitab (version 
193 16) software for Windows. Results are presented as means ± standard deviation (SD), and 
194 all assays were carried out in triplicate. Statistically significant values for the means were 
195 assayed using one-way analysis of variance. Subsequent comparisons were performed 
196 using Tukey’s post-hoc test. Differences were accepted as significant when p < 0.05.
197
198 3. Results
199
200 3.1. Actinobacteria biomass production using vinasse as feedstock
201
202 The experimental procedure used to formulate the biomass production medium is 
203 summarized in Fig. 1. To select the maximum vinasse concentration that yielded the 
204 required amount of biomass, six effluent concentrations were assayed as production 
205 medium (V1 to V50) (Fig. 1A). Only the biomass recovered from V20 medium, labeled as 
206 B1, corresponds to a biomass production (more than 0.4 g L−1 in all cases) similar to that in 
207 TSB (Fig. 2). For single cultures, the biomass concentration ranged from 0.65 to 0.70 g L−1, 
208 while growth for the mixed culture was around 0.82 g L−1.
209 Since the supernatants recovered from V20 cultures were still rich in nutrients, their 
210 reuse for additional biomass production was assayed during four consecutive cycles. These 
211 supernatants were denoted V20(1) to V20(4) according to the cycle number, while the 
212 biomasses of the batches were labeled B2 to B5 (Fig. 1B). As shown in Fig. 3, no significant 
213 differences were detected in growth of V20, V20(1) and V20(2), and biomass production was 
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214 higher than 0.6 g L−1 for both single and mixed cultures. During the 3rd reuse [V20(3)], 
215 biomass production decreased in all cases, but it was still more than 0.4 g L−1. Because the 
216 biomass recovered from V20(4) (4th supernatant reuse cycle) was below the previously 
217 established critical level, B5 was discarded for future bioremediation assays (Fig. 1B).
218
219 3.2. Effectiveness of actinobacteria to degrade vinasse
220
221 To estimate the effectiveness of the actinobacteria to degrade vinasse, BOD levels 
222 were determined before (V20) and after of the successive re-inoculation steps of the 
223 supernatants used as additional production media [V20(1) to V20(4)] (Fig. 4). As expected, the 
224 initial value (17,600 mg L−1) decreased linearly with increasing re-inoculation cycles; final 
225 BOD values in V20(4) supernatants ranged from 8,200 (a reduction of 53.4%) to 6,050 mg 
226 L−1 (a reduction of 65.6%) for single cultures. These results are consistent with a reduction 
227 in organic matter, which fluctuated between 53% and 61%. The performance of the mixed 
228 culture to degrade vinasse was even higher than that of single cultures, with a reduction in 
229 BOD of 72% at the end of the re-used vinasse cycles (V20(4): 4,966 mg L−1).
230 Variations in other physicochemical parameters were also detected when the initial 
231 production medium (V20) was compared with the corresponding V20(4) supernatant (Table 
232 2). Under the current assay conditions, no significant differences were detected in the pH 
233 during the re-inoculation cycles. However, conductivity decreased from 15.2 to 10.5 ± 0.3 
234 mS cm−1, which is a reduction of 30%. Concerning total solids (fixed and volatile), a 
235 reduction of about 23% and 15%, respectively, was observed in single cultures. The mixed 
236 culture showed a slightly higher decrease with a reduction of 31% and 23% in fixed and 
237 volatile solids, respectively. Finally, the effluent color was quantified 
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238 spectrophotometrically (item 2.2.1), and the optical density of V20 was defined as 100%. As 
239 shown in Table 2, the highest color removal at the end of re-used vinasse cycles was 
240 obtained with the mixed culture, but S. M7 and S. A5 grown as single cultures showed a 
241 similar performance.
242
243 3.3. Performance of actinobacteria biomass regarding lindane and chromium removal
244
245 Presence of trace metals such as Mn, Zn, As, Hg, and Pb was detected in the initial 
246 V20 production medium, but not in V20(1) (Table 3). Based upon the presumption that the B1 
247 biomass could retain trace metals present in V20, a microwave digestion followed by ICP-
248 MS quantification was performed. As was expected, the pattern and the amount of trace 
249 metals in B1 were similar to those present in V20 (Table 3). Therefore, B1 was discarded for 
250 future soil experiments (Fig. 1B).
251 Lindane and chromium removal from artificially contaminated soil was evaluated 
252 using B2, B3 and B4 fractions, which were obtained by mixing equal amounts of biomass 
253 recovered from single cultures or directly produced by a mixed culture (Fig. 5). Lindane 
254 removal did not show significant differences regarding the methodology used for inoculum 
255 preparation (p > 0.05) (Fig. 5A). B2, B3 and B4 did not demonstrate any differential 
256 performance regarding pesticide removal either. In all cases, the decrease in lindane was 
257 about 50% after 14 d of incubation.
258 Although the soil samples were initially contaminated with 80 mg kg−1 of chromium, Cr(EB) 
259 fraction was 45 mg kg−1. Thereby the removal assay was conducted on this fraction. Under 
260 such conditions, percentage of chromium removal was substantially higher than elimination 
261 of lindane with values that were statistically different depending on the preparation 
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262 methodology of the inoculum: 85% of the chromium was removed with the combined 
263 actinobacteria biomass recovered from their respective single cultures, while a mixed 
264 culture biomass removed more than 95% (Fig. 5B). Similar to lindane, no significant 
265 differences were detected in chromium removal using B2, B3 and B4 biomasses. At the end 
266 of the assays period, no variations on lindane and chromium concentrations were observed 
267 in control flasks.
268
269 4. Discussion
270
271 Inadequate management and disposal of vinasse into the environment is receiving 
272 increased attention, because of the ecological problems associated with this practice 
273 (Christofoletti et al., 2013). Argentine law on waste disposal prohibits dumping of 
274 untreated vinasse in water bodies because of its physical and chemical characteristics, 
275 including a high content of minerals, organic matter, and heavy metals, a low pH, and a 
276 significant degree of corrosiveness (Federal Hazardous Waste Law Nº 24051). However, 
277 the same characteristics make vinasse a frequent object of scientific and technological 
278 inquiry (Sanchez Moore et al., 2016).
279 The concept of circular economy considers the re-use and recycling of any type of 
280 waste, contributing to the development of a bio-based economy (Pleissner et al., 2016). 
281 Thereby, efforts are not only made to reduce pollution generated by these residues, but also 
282 to use waste products in general as substrates. As vinasse contains substantial quantities of 
283 sugars, amino acids, phosphate and other minerals, it could be used as a nutrient for the 
284 development of microorganisms in biotechnological processes. Actually, a variety of 
285 projects that use raw vinasse as cheap feedstock to obtain value added products have been 
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286 conducted in the last years (Bhattacharyya et al., 2012; Lazaro et al., 2014; Tapia-Tussell et 
287 al., 2015; Colin et al., 2016). In the bioremediation field, obtaining microbial biomass as 
288 main product of the fermentation is one of the most promising approaches to clean up large 
289 areas of contaminated soil. In fact, aerobic processing of wastewater could generate a 
290 biomass overproduction because of the high content of organic matter (Jimenez et al., 
291 2003).
292 Considering that the feasibility of technologies to solve environmental problems is 
293 directly related to the profitability of the process, the current study assessed the 
294 performance of the biomass produced from sugarcane vinasse to remove chromium and 
295 lindane from artificially contaminated soil. From the results of this study it could be 
296 inferred that an approximate volume of 10,000 to 12,000 L of vinasse would produce the 
297 required biomass for treatment of one hectare of contaminated soil. This volume would be 
298 the equivalent of the amount of vinasse generated each 1,000 L of ethylic alcohol. Hence, 
299 the use of vinasse to generate biomass could be a promising biotechnological approach to 
300 improve management of waste from the sugar-alcohol industry.
301 The actinobacteria assayed as single cultures or as a mixed culture of the 4 strains 
302 showed generally high vinasse tolerance, even at concentrations that usually inhibit growth 
303 of other microorganisms. Production of useful biomass without significant vinasse dilutions 
304 is essential, since this allows saving water resources and thus reducing the handled volume. 
305 Contrary to our results, certain nitrogen fixing bacteria Azospirillum brasiliense, Bacillus 
306 polymyxa, and Azotobacter chroococcum and fungi like Fusarium oxysporum, Sclerotinias 
307 clerotiorum, Pythium aphanidermatum, and Phytophthora parasitica only grew at vinasse 
308 concentrations below 15% (Omar et al., 2002; Santos et al., 2008). Pramanik et al. (2012) 
309 reported inhibitory of growth of Haloarcula marismortui at vinasse concentrations above 
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310 10%, whereas Barrocal et al. (2010) only observed tolerance of the cyanobacterium 
311 Spirulina maxima in media containing vinasse from beet molasses at a concentration below 
312 0.5% (w/v).
313 In addition to a reduction in the production cost for microbial biomass, the use of 
314 vinasse as alternative substrate could represent an adequate strategy to improve the effluent 
315 quality. In fact, technologies based on recovery of industrial effluents via microbial 
316 pathways are continually evaluated. Recently, Colin et al. (2016) reported on the ability of 
317 S. MC1 to remove over 50% of the biodegradable organic matter from a vinasse sample in 
318 a short period of time. This implied a reduction of about 50% of the polluting power, which 
319 was verified using Lactuca sativa as a bioremediation indicator. The current study showed 
320 an even higher BOD removal from vinasse with a mixed culture of actinobacteria. Fuentes 
321 et al. (2016) emphasized multiple advantages of mixed cultures over individual strains, 
322 remarking their lower nutritional requirements and higher activities. Actually, a traditional 
323 process known as anaerobic digestion used a mix of methanogenic Archaea bacteria 
324 removing about 90% of the BOD of vinasse (Baez-Smith, 2006).
325 In the present study, color reduction by the mixed culture compared with that by 
326 individual cultures did not substantially improve. In fact, conventional anaerobic-aerobic 
327 treatments have proven to be effective to reduce the organic load of wastewater to a 
328 significant extent although they usually do not successfully remove the color (Ferreira et 
329 al., 2010). Because of their synthetic origin and complex molecular structures, coloring 
330 compounds are less amenable to biodegradation, and consequently physicochemical 
331 methods are commonly applied to remove the effluent color (de Souza et al., 2013). 
332 However, some biological treatments such as the use of white-rot fungi have been proposed 
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333 as an alternative to the decolorization of effluents since their extracellular enzymatic system 
334 is able to break down a large number of chemical bonds (Ferreira et al., 2010).
335 Heavy metals are also present in various types of wastewater including vinasses. Although 
336 relatively low metal concentrations are vital to microorganism growth, introduction of too 
337 many and at fairly large concentrations into the soil causes considerable modification of the 
338 microbial community (Dixit et al., 2015). In fact, certain metals such as lead can alter the 
339 biological processes even at low concentrations (Saidi, 2010). The alternative use of 
340 vinasse requires thereby a preconditioning treatment in order to eliminate heavy metals and 
341 other toxins. Many of the metal recovery techniques are based on microbial pathways 
342 (Siddiquee et al., 2015). E.g., Colin et al. (2016) demonstrated the ability of S. MC1 to 
343 remove all metals (Mn, Zn, As and Pb) from sugarcane vinasse samples after 4 d of 
344 treatment. The current study is the first to use actinobacteria to remove heavy metals from a 
345 vinasse-based medium (V20). The metal-free biomass recovered from consecutive re-
346 inoculations of V20 was subsequently used to clean up contaminated soil with lindane and 
347 chromium. As metals are involved in a series of complex chemical interactions with the 
348 components of the soil (e.g., clay mineral and organic matter), in the present study only 
349 slightly more than 50% of chromium added to soil was available to be taken by 
350 actinobacteria. Besides, the presence of heavy metals can affect organic biodegradation 
351 either inhibiting enzymatic pathways and/or by impacting on the ecology of degrading 
352 microorganisms (Amor et al., 2001; Sandrin and Maier, 2003; Olaniran et al., 2009). 
353 Treatment of co-contaminated soils is complex; thereby, use of mixed cultures instead of 
354 single cultures could be more suitable for an effective bioremediation since the biodiversity 
355 could increase the catabolic pathways available for multiple contaminant biodegradation. In 
356 fact, the present study demonstrates an effective removal of both lindane and chromium by 
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357 using mixed culture biomass resulting from three re-inoculation vinasse cycles. These 
358 findings demonstrate the feasibility to improve the bioremediation process and to produce 
359 efficient biomass by revaluation of effluents like vinasse.
360
361 5. Conclusions
362
363 The current study presents an integral approach to multiple contamination problems 
364 considering toxins such as pesticides and heavy metals as well as regionally important 
365 effluents like vinasse. We have demonstrated that the use of vinasse in microbial 
366 fermentations is a highly-valued biotechnological strategy to simultaneously reduce the 
367 microbial biomass production cost and environmental impact of raw effluents. Our 
368 approach allows establishing the basis for future production of biomass at a large scale, and 
369 it is an adequate alternative to improve effluent management. However, additional studies 
370 are required in order to evaluate the feasibility of actinobacteria biomass production using 
371 vinasse from different distilleries and with varying composition.
372
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Fig. 1. Flow chart summarizing the experimental procedure used to formulate the vinasse-
based production medium: (A) Selection of vinasse concentration (V1 to V50), and (B) 
assessment of the vinasse-reuse [V20(1) to V20(4)]. B1 to B5 represent biomass production.
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Fig. 2. Effect of the vinasse concentration (V1 to V50) on the actinobacteria biomass 
production grown individually or all mixed together. TSB: Tryptic Soy Broth.
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Fig. 3. Biomass production in vinasse-based culture media of the actinobacteria strains 
grown individually or as a mixed culture of all 4 strains. Bars with different letters (a–c) are 
significantly different (p < 0.05).
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Fig. 4. BOD levels measured in the initial production medium (V20) and during the 
consecutive cycles of re-used vinasse [V20(1) to V20(4)].
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Fig. 5. Removal of lindane (A) and chromium (B) using B2, B3 and B4, obtained either 
by mixing the biomass harvested from the single cultures (closed bars) or as a mixed 
culture (open bars).
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Table 1
Physicochemical soil characteristics.
Parameters
pHa 6.9
EC, dS m−1b 0.8
Calcium carbonate, %c 1.3
Soil Textured Loam
Organic carbon, %e 2.7
Phosphorus, ppmf 15.8
Sodium Exchange capacity, cmol kg−1g 0.5
Potassium Exchange capacity, cmol kg−1g 0.1
Calcium Exchange capacity, cmol kg−1g 0.2
CEC, cmol kg−1g 17.9
a Soil/distilled water ratio: 1:2.5.
b Electrical conductivity method.
c Gasometric method.
d Capillary method.
e Walkley and Black method.
f Bray and Kurtz I.
g Cation exchange capacity determined by ammonium-sodium acetate method.
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Table 2
Physicochemical parameters measured in the initial production medium (V20) and at the end of re-used vinasse cycles [V20(4)].
V20(4)Parameters V20
S. M7 S. MC1 S. A5 AB0 Mixed culture
pH 7.0 ± 0.0ª 7.0 ± 0.1ª 7.1 ± 0.2ª 7.2 ± 0.2ª 7.1 ± 0.1ª 7.2 ± 0.2ª
EC, mS cm−1 15.2 ± 0.0ª 10.9 ± 0.7b 10.7 ± 0.3b 10.5 ± 0.1b 10.5 ± 0.1b 10.1 ± 0.4b
Total Solids (g L−1) 28.5 ± 0.3ª 24.0 ± 0.7b 23.2 ± 0.1b 22.4 ± 1.4bc 23.2 ± 0.3b 20.9 ± 0.6c
Fixed Solids (g L−1) 12.7 ± 0.1ª 10.1 ± 0.3b 9.7 ± 0.4b 8.9 ± 0.1c 10.3 ± 0.6b 8.7 ± 0.3c
Volatile Solids (g L−1) 15.8 ± 0.1ª 13.9 ± 0.1b 13.5 ± 0.7bc 13.5 ± 0.1bc 12.9 ± 0.1cd 12.2 ± 0.6d
Color removal (%) – 18 ± 2.0 ª 11 ± 0.0bc 15 ± 3.0ab 9 ± 2.0c 20 ± 2.0a
Values with different letters (a–c) are significantly different (p < 0.05).
V20: initial production medium. V20(4): supernatant recovered at the end of re-used vinasse cycles.
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Table 3
Metal concentrations in the production media and the produced biomass before and after the first inoculation.
V20 and V20(1): Production media before and after the first inoculation, respectively. B1: Biomass production during first inoculation.
LOD: Limit of detection. ND: not detected.
Metal Concentration
Production medium (µg L−1) B1 biomass (µg g−1)Metal 
(LOD, µg L−1) V20 V20(1) S. M7 S. MC1 S. A5 AB0 Mixed culture
Cr (0.7) ND ND ND ND ND ND ND
Mn (0.2) 494.8 ± 3.7 ND 23.2 ± 2.9 21.9 ± 3.1 21.5 ± 3.8 21.6 ± 4.1 17.2 ± 8.1
Cu (0.3) ND ND ND ND ND ND ND
Zn (3.4) 10509.2 ± 59.7 ND 458.7 ± 5.3 500.0 ± 7.6 456.5 ± 12.9 454.3 ± 9.8 383.9 ± 3.2
As (0.1) 1653.7 ± 12.7 ND 73.3 ± 6.5 79.6 ± 7.1 76.3 ± 9.8 71.2 ± 8.7 73.6 ± 7.4
Cd (0.1) ND ND ND ND ND ND ND
Hg (0.1) 6.1 ± 2.7 ND 0.5 ± 0.2 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
Pb (1.6) 58.2 ± 6.8 ND 2.4 ± 0.3 2.8 ± 0.4 2.6 ± 0.2 2.4 ± 0.3 2.1 ± 0.3
